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SOMMAIRE 
Les matériaux composites sont de nos jours de plus en plus utilisés dans différents 
domaines soit: l'aéronautique. les équipements de sport et le domaine militaire. La popularité 
du matériau s'explique par ses bonnes propriétés mécaniques. De plus. on peut modéliser à 
volonté les propriétés de la structure composite selon les exigences de la conception. En 
particulier. les fibres tissées sont la forme la plus utilisée dans les applications structurales. 
Leurs propriétés mécaniques intéressantes. leur facilité d'utilisation et leur bonne capacité de 
déformation donnent aux composites une grande attraction pour la fabrication des formes 
complexes. 
Cependant, l'un des principaux problèmes concernant les composites est le cycle de 
fabrication. En effet, lors du moulage des matériaux composites stratifiés, les fibres sont très 
fortement réorientées afin de se conformer à la géométrie du moule. Après la déformation, le 
composite tissé devient une structure non-orthogonale. Alors, les trois modèles principaux 
bien connus : le modèle à mosaïque, le modèle à ondulation et le modèle à pont; ne sont pas 
appropriés pour prédire les componements thermo-élastiques ainsi que la rupture du 
composite tissé. Un autre modèle appelé « le modèle à sous-plis» qui a été proposé par D. 
Laroche et T. Vu-Khanh [28-29] a surmonté ce défaut. 
La prédiction de la rupture des matériaux composites renforcés de fibres tissées 
constitue lobjectif principal de ce projet. Le problème vise donc à appliquer le modèle à sous-
plis et des critères de rupture pour prédire les résistances des composites tissés déformés. Pour 
considérer l'effet d'ondulation des fibres. deux types de fibres tissées sont utilisés: la toile et 
le satin-8. Les composites sont faits de polyester et de fibre de verre avec une fraction 
volumique de fibres d'environ 48-52%. 
Pour faire la prédiction de la rupture des composites tissés à l'aide du modèle à sous-
plis, il faut d'abord exécuter des tests en traction sur des échantillons à fibres orthogonaux. 
[(0/90)J5 , et non-orthogonaux avec 0 = 45°, [(±45)0 ] 5 , en composites tissés. De ces résultats 
expérimentaux, nous pouvons déterminer les propriétés mécaniques de ces composites tissés. 
Particulièrement, une approche pour déterminer les coefficients de la résistance qui inclut 
l'effet d'ondulation des fibres a été proposée. Les résistances prédites en tension et en 
compression sont déterminées par l'utilisation d'une procédure de plis dégradés proposée dans 
[47]. Ensuite, des tests, qui mesurent les résistances, sont effectués pour vérifier la validité des 
prédictions de deux critères de rupture soit le critère quadratique et le critère de la déformation 
maximale. Finalement, une observation microscopique est réalisée pour expliquer les 
phénomènes d'endommagement des composites tissés. 
Les résultats prédits sont conformes aux données expérimentales. Les prédictions 
théoriques obtenues à l'aide du modèle à sous-plis et du critère quadratique confirment avec 
beaucoup plus de succès les mesures expérimentales que les prédictions données par le critère 




Polyester/glass fiber is probably by far the most commonly used composite. This work 
presents the results of an investigation on the failure of plain weave and 8-harness satin 
glass/polyester composites. The emphasis is put on the prediction of the failure envelopes in 
these materials. It is weU known that the forming process of fabric composites usually results 
in significant in-plane shear deformations of the interlaced yarns and the reinforcement fabric 
becomes a non-orthogonal structure. It is therefore important to be able to predict the 
mechanical properties of woven fabric composites as a function of shear deformation of the 
interlaced yarns. To predict the failure strengths of any deformed fabric composites, the sub-
plies model was used. In this mode(, woven fabric composites are divided into four fictional 
unidirectional sub-plies with orthotropic properties that are laid up in an unsymmetrical 
configuration. Consequently, the strength of woven fabric laminate is predicted as a function 
of the failure parameters of the constituent sub-plies and the in-plane shearing deformation 
angle between these plies. Another major advantage of the model is that it allows the direct 
use of laminated shell element in finite element codes for structural analysis. In order to take 
account of fiber undulation effect on mechanical properties. a procedure for the determination 
of the equivalent on-axis tensile and compressive strength coefficients of the constituent plies 
is also proposed. In this procedure, the material coefficients of the constituents plies were 
determined by measuring the mechanical properties of [(0/90)0 ]s and ((-45/45)0 ] 5 specimens 
m 
made of the woven fabric composite. To verify the theoretical prediction. the tensile and 
compressive tests were carried out at room temperature on the specimens. The tests were 
performed according to procedure recommended standards by ASTM D-3039 and ASTM D-
3410 (Celanese compression test fixture). Before moulding the interlaced yarns of the fabric 
structure in the moulded samples were deformed by shearing to various angles. 
The maximum strain and quadratic criteria were used to predict the failure envelope of 
the composites. The onset of damage was compared with prediction from the first ply failure 
of the sub-plies model The predicted ultimate strength was determined using the procedure 
proposed in [ 47) to simulate the graduai de gradation of the laminate due to the failure of 
successive plies with increasing loading. The predicted results are in good agreement with the 
experimental data. Prediction, using the sub-plies model and the quadratic criterion, is found 
to be in better agreement with experimental measurements than that using the sub-plies model 
and the maximum strain criterion so that only predictions from the quadratic criterion are 
presented. Deformation and failure behavior in woven fabric composites are also presented, 
specially, the observed evolution of damage in woven composite under uniaxial tensile and 
compressive loading conditions. 
IV 
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In the past thirty to thirty-five years. intensive effort bas gone into the research and 
development of composite materials even though the concept of using two or more distinct 
materials combined to form the constituent phases of a composite material has been practiced 
ever since materials were first used. One of these constituents fonns a continuous phase and 
called the matrix. The other major constituent is reinforcement in the form of fibers or 
particulates that are, in general. added to the matrix to improve or alter the matrix propenies. 
The development of fiber reinforced composite materials recently bas led to their use in many 
advanced structures due to the inherent high strength, low weight. and specific electrical. 
acoustic and magnetic properties, and also their ability to be tailored made to meet complex 
shape and strength problems. 
Many advanced fiber composites can be produced that have the same strength and 
stiffness as the strongest steels, yet are seventy percent lighter [24]. Others can be made for 
aircraft that are three tilnes stronger than aluminum alloys. yet are forty percent lighter. 
Composite materials are also being used more and more in conventional ground 
transportation when their use is cost competitive. Their use would eut down vehicle weight 
considerably, thereby improving fuel efficiency. Polymer matrix composites are presently 
being developed to take the place of metals in applications such as body panels. drive shafts, 
entire truck frames, brake systems and engine blocks. 
Fiber composites are presently being used quite successfully in the recreational arena 
for improved performance and weight reduction without compromising strength. Such 
applications include golf club shafts, tennis rackets, canoes. boat bodies and skis and the list is 
continually growing. 
ln tenns of matrix material, the most common resin used in composites is unsaturated 
polyester [48). This is due to lower cost of the resin and also its adaptability to fabrication of 
large structures. Among the three common reinforcing fibers: glass, carbon. and aramid, glass 
is by the far the most popular in terms of volume consumption. This is due to the lower cost 
and respectable performances offered. However. the matrix and fibers should be selected 
according to performance required and cost effectiveness. 
There are many different types of reinforced glass fiber and the portion of 
reinforcement to matrix may be altered to meet any specific application. Woven fabrics are 
now considered to be a more important reinforcing material in the composite technology than 
a decade ago. Although the structure efficiency of fabric composites is not as high as that of 
the unidirectional laminates, their handling properties and low fabrication costs have made 
fabric composites attractive for structural applications [34). Most woven fabrics are essentially 
two-dimensional and consist of two sets of yarns interlaced at a 90° angle. The various types 
of fabric structures can be identified by the pattern of their repeating regions. They are 
characterized by a geometrical parameter. ng, that denotes that a warp thread is interlaced with 
every ng-th fill thread [7-8,19-221. The most common patterns of woven fabrics are plain 
2 
weave (ng = 2), twill weave (ng = 3). crowfoot satin or 4-hamess satin (nJ.: = 4). 5-hamess 
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Figure 1.1 : Examples of woven fabric patterns: (a) plain weave (ng = 2); (b) twill 
weave (ng = 3); (c) 4-harness satin (ng = 4): (d) 8-harness satin (ng = 8). 
In order to predict the macroscopic behavior of woven fabric composites. recent 
studies have focused on the development of micro-mechanical models that can be applied to 
various fabric structures (various values of n,,). The three current models are known as the 
" 
mosaic model. the crimp mode!. and the bridging mode!. 
When the part has a double curvature. the forming process usually results in significant 
in-plane shear deformation of the interlaced yarns and the fabric composite becomes a non-
3 
onhogonal structure (Figure 1.2). so these models can no longer be valid. Furthermore. the 
failure process in these materials is relatively complex and only a tèw studies have been 
reported on the prediction of strength for orthotropic woven fabric composites [37 ,43). The 
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Figure 1.2 : Deformation of an 011hogonal fabric after draping a rounded top cone : 
(a) orthogonal fabric structure; (b) deformed fabric structure 
4 
Recently. a sub-plies model has been proposed for the characterization of the thermo-
elastic propenies for any deformed woven fabric composite [28-29.50-52). This work aims at 
applying the sub-plies model in the prediction of tensile and compressive strengths of 
onhogonal and non-orthogonal woven fabric laminates. The effect of fiber undulation and 
yarns' interlacing on failure behavior are analyzed. A special method is proposed to determine 
the equivalent on-axis strength coefficients of the constituent sub-plies. The ultimate strength 




LITERA TURE REVIEW 
2.1. FAILURE THEORIES FOR COMPOSITE MATERIALS 
2.1.1. Introduction 
When using a material for a particular application. the design must be functional. both in 
design and efficiency. ln some stage of the design, a comparison must be made between the 
state of stress existing in the material to a failure or strength criterion for that material. These 
criteria are usually expressed in tenns of stress or sometimes strain. They can refer to the 
complete rupture or to some initial event such as cracking or yielding that would eventually 
lead to the total failure. Even though failure criteria are also widely interpreted. they have met 
with reasonable success in most isotropie materials. However, when these criteria are applied 
to anisotropie materials, in most cases, considerable error is evident between predicted and 
experimental data even when the criteria have been generalized or modified. The greatest error 
seems to be in cases where the material is non-homogeneous in nature, and fiber composites 
obviously be long to this category. This is because the production of free surfaces during crack 
propagation can only occur in the matrix, fiber, or the interface between the two. The 
homogeneous anisotropie elasticity theory, when applied to homogeneous materials. assumes 
that the crack extends into a material with the combined properties of the fiber and matrix. lt is 
6 
well established that the propenies of an onhotropic or anisotropie material change as the 
coordinate system is rotated. i. e .• they are orientation dependant. Usually. the stresses are 
written with respect to the principal material directions and designated as <1x, O'y ••••• O's in 
contracted notation. ln plane stress. the stresses associated with the x. y axes are normal 
stresses O'x and CJ'y and the in-plane shear stress crs (CJ'xy). the other stress components being 
equal to z.ero. A general plane stress state CJ'x, CJ'y. crs is obtained whenever normal stresses C1i. 
CJ'2 are applied to a material, except for the one situation where these normal stresses coïncide 
with the principal material direction. i. e .• CJ'x = CJ'1. cry = 0'2 and the in-plane shear stress <1xy =O. 
There are many different ways of classifying failure theories. One can, for example, 
classify them with respect to their stress interactivity or non-interactivity. ln this context. the 
maximum stress or maximum strain theories would be considered non-interactive, whereas the 
Hill criterion is an interactive one. 
A failure criterion describes the failure envelope of a lamina which is generally one layer 
of a composite material called laminate. ln order to obtain the failure envelope of a laminated 
composite, we would have to superimpose the envelopes described by each ply (lamina) of the 
laminate. Care is therefore required because normal and shear stresses can be induced by 
lamina interactions and the actual lamina stresses must be analytically determined. 
The strength of laminated anisotropie composites is dependent on the thermo-mechanical 
propenies of the constituents layers and on the method of lamination which includes the 
thickness and orientation of layer. the stacking sequence. cross-ply rntio. helical angle. the 
laminating temperature. etc. 
7 
Strength tests on off-axis and angle-ply laminates otlèr useful information for the 
evaluation of the failure theory and failure mechanism. A number of failure criteria have been 
proposed to predict the failure of anisotropie composite materials under various states of stress. 
2.1.2. Maximum stress theory 
In the maximum stress theory. failure is said to occur when the stresses in the principal 
material directions exceed their respective strengths. Therefore. for no failure to occur in 
tension: 
and for compression. 
where: 
<J" < X 
<1y < y 
1 aJ < S 
<Jy > y· 
x. y : the principal material directions; 
X, (X') : tensile (compressive) strength in the l direction; 
Y, (Y') : tensile (compressive) strength in the 2 direction; 
S : shear strength in the (x-y) plane (the failure stress in pure shear). 
(2.1.) 
If one or more of the above inequalities is not satisfied. it is assumed that failure has 
occurred. Note that there is no interaction between strengths or failure modes in this criterion. 
8 
Actually. chere are three independent criteria in one. When 0'5 = 0 and X = x· = Y = y•. the 
geometric representation is a square with its center coïncident with the origin of the reterence 
axes. 
On order to apply this criterion to a design, the stresses must be transformed into the 
principal material directions. So, for a unidirectional composite in a uniaxially loaded state at 
any angle 9 from the fibers (Figure 2.1 ). 
Figure 2. 1 : Principal material coordinates of a lamina 
For the simple case of uniaxial tensile loading with only cr1 present and cr2 = cr12 =O. the 
stresses in the principal macerial directions are : 
(2.2.) 
ers = -0'1 sin9 cos6 






(j 1 ( sin 2 e 
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(2.3.) 
Following this criterion. the predicted uniaxial strength for E glass/epoxy composite is 
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0 (degree) 
Figure 2.2: The maximum stress failure criterion showing no interaction 
between failure mechanisms (reproduced from Ref. [24]) 
tension 
The tension data are denoted by solid circles and the compression data by solid squares. 
The maximum stress theory is shown as several solid curves. the lowest one of which govems 
the strength. 
2.1.3. Maximum strain criterion 
The maximum strain criterion is very similar to the maximum stress criterion. ln this 








x. y : the principal material directions. 
Ext (Exc) : maximum allowable tension (compressive) normal strain in the x-direction. 
Evt (Eve) : maximum allowable tension (compressive) normal strain in the y-direction. 
Es: maximum allowable shear strain in x-y plane. 
As with the maximum stress theory, the strain in the material must be transformed to the 
principal material axes before the criterion can be applied. For the simple case of uniaxial 
tensile loading with only <11 presents and <12 = <112 = 0, first. the stress transformation equation : 
(2.5.) 
<1s = -<11 sin0 cos0 
must be substituted into the stress-strain relations : 
11 
to get: 
ê = _l_(<I - V <I ) 
.r E ~ " JCY y .. 






ê" = -1-(cos 2 8 - V iy sin 2 (J }r 1 E .. 
ê y = -1-(sin 2 8 -V J<C COS 2 8 }r1 Ey 
e$ = =-!.(cos8sin Op, 
E$ 
Now, assuming the usual restrictions of linear elastic behavior to failure : 
X 
ê Xt = 
E" 
y 
ê y, = 
E , 
s 
ê s = 
E s 
Finally, the maximum strain criterion can be expressed as: 
s <I.(----






From these equations. it can be seen that the only diftèrence between the maximum stress 
and maximum strain theories is the inclusion of the Poisson terrns in the latter. The plot of 
strength against fiber angle is very similar to the maximum stress theory. Again. this theory 
allows no interaction between stresses. 
2.1.4. Interaction criteria 
The Tsai-Hill theory, initially proposed by Hill [17]. is actually a Von Mises' isotropie 
criterion extended into the realm of anisotropy. This criterion follows experimental data much 
better than either the maximum stress or strain theories and is defined as follows: 
(G+ H)<1'; +(F+H)<1'; +(F+G)<r;-2H<J:/Iy -2Ga,a: -2Fa:a, + 
2La2 + 2Ma2 + 2Na2 = 1 zy x: .ry 
(2.10.) 
This is actually a yielding criterion but can be thought of a strength criterion since both 
yielding and strength can be considered as limits of linear elastic behavior. The coefficients F. 
G. H, L, M and Nin the above equation are parameters characteristic of the state of anisotropy 
and are sometimes loosely called failure strength parameters. 
Tsai related the failure strength panimeters to the usual failure strengths X. Y. Z and S 
as follows. If only a shear stress. <rxy• acts on the body. then: 
1 2N=-52 









If only a stress, <13, in a thickness direction acts on the body, and Z denotes the strength 
in the 3-direction, then : 
F+G=-1 z2 
Combining the latter three equations results in : 
l 1 1 2H=-+---X2 y2 z2 
2H=-l ___ l +-1 x 2 r 2 z2 
2H =--1-+_l +-l-X2 y2 z2 
(2.14.) 
(2.15.) 
When plane stress is assumed, the constants Land M vanish, and we obtain the following 
condition: 
• ) • 2 cr; 1 I 1 cr; crry 
-2 -cr"<J.(-. +-2 +-2 +-, +-2 =l X · x- Y Z y· S (2.16.) 
If a unidirectional composite is considered to be in astate of plane stress (x-y plane) with 
the fibers oriented in the x-direction. then all stresses associated with the thickness direction 
are zero : <1~ ( <1xy) = <Jll7. = <1yz = O. Note also that the y and z-directions are identical. both being 
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transverse directions. so Y = Z. Therefore. for a plane stress case. the Tsai-Hill equation 
(Eq.2.10) reduces to : 
(2.17.) 
If a unidirectional composite is considered with the fibers oriented at any off axis angle 
9, then the transformation equations for uniaxial loading (2.5.). can be substituted into the 
above equation to give : 
cos4 (J ( l l ) 1 6 . 1 (J sin 
4 8 l _X_1 __ -+ -s-2 --x-2 cos· sm· +-y-2- = -a-2 
1 
(2.18.) 
A typical plot of strength versus ply-angle will be shown later when this criterion is 
applied to experimental data. The Tsai-Hill theory yields a smooth single curve instead of a 
three-pan curve like the maximum stress and strain theories. The curve shows a continuous 
decrease in strength as (J goes from 0 to 90 degrees, sometimes with a little hump depending on 
the relative values of X. Y, and S. which in fact fits experimental data fairly well. This criterion 
also allows considerable interaction between failure stresses unlike the previous two criteria. 
The Norris interaction theory (38) is empirical and was postulated ta fit experimental 
data from plywood and orthotropic materials. The criterion is similar to the distortion energy 
type, except there is no cross-term in O'x. O'y : 
(j2 (j2 (j2 
-"'-+-y+-·< =l x2 y2 5 2 
(2.19.) 
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Fisher [ 12) attempted to extend the Norris failure theory to predict of any laminate layer 
by introducing a constant derived from elastic modulus into che <îx - O'y cross term. However, 
by using elastic constants, linear elasticity is implied which is seldom the case in composites. 
The modified condition can be written as: 
where K is given by : 
2 2 , 
(j .&'. (j .&'.(j y (j y (j ~ --IC--+-+-=l x 2 xr r 2 s 2 




Hoffman [18] extended Hill's theory to account for differences in tensile and 
compressive strengths by introducing linear terms in <îx. <1y and <1xy into Hill's equation. 
where the constants Ci are evaluated similar to Hill. 
c =.!_(_1_+_• ___ 1_) 
1 2l YY' ZZ' XX' 
c -- -+----ll l l l ) 
3 - 2 YY' XX' ZZ' 
1 1 c =---
4 X X' 
c =_!_ __ 
5 y Y' 
1 1 c =---







1 C=-" 52 s 
1 C=-9 5 2 
where S4 and S5 are transverse shear strengths. 
For plane stress conditions, assuming transverse isotropy with respect to the x-direction, 
equation above reduces to : 
, , , 
a;-a"a. cr; X-X Y'-Y cr;. ----·'-+-+ a +--cr +-· =l 
XX YY' XX' " YY' y S 2 
(2.24.) 
There is no physical significance attached to this failure condition. 
Marin [31] proposed a distortion energy condition for orthotropic materials, but this is 
limited to when principal stresses crx and <l'y coïncide with the principal stresses. The condition 
can be written as : 
+[-2 ___ 1 +_!_(_l __ I _.!_+_I_)~a <J ~ I 
XX' 5 2 s X X' y XX' u X y (2.25.) 
Franklin [ 13] modified Marin' s theory to include a constant K2 whose determination was 
directly dependent upon experimental complelt stress data : 
a;-K2a"<J. <I! Y'-Y Y'+Y G~ -----· +-· +--<J +--<J +-=I xx· YY' rr· " yy· y s1 (2.26.) 
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The equation above can be reammged to provide a K2 value. By determining K2 values 
for each quadrant. the failure envelope is forced to pass through the data used to determine it. 
and hence, a curve-fitting parameter is introduced to obtained better correlation between 
experimental and predicted values. 
2.1.5. Strength tensor criteria 
The concept of a strength tensor analogous to that for elastic constants was introduced 
by Kopnov [15], Ashkenazi [2] and later by Tsai and Wu [46]. These criteria are mainly the 
failure criteria for generally anisotropie materials and could account for differences in tensile 
compressive strengths and the dependence of shear strength on the sign of the shear stress. 
Interactions amongst stress components are considered to be independent material properties. 
which is different from the earlier theories where interactions are either fixed or excluded. 
The tensor polynomial failure criterion developed by Tsai and Wu accounts for the 
interaction effects among stress components and offers a significant improvement in 
operational simplicity over many other failure theories [46]. They postulate that the criterion in 
stress space consists of the sum of linear and quadratic invariant as follows : 
i,j = l ,2,3,4,5,6 (2.27.) 
Where Fij and Fi are strength parameters associated with the failure criterion and O'ij, O'ï 
are the stress components in the material axes. 
Certain stability conditions are incorporated in the strength tensors. The magnitude of 
interaction terms are constrained by the following inequality: 
18 
F··F·· - F··2 > O 
Il " IJ -
(2.28.) 
[f this condition is not respected, the failure envelope becomes hyperbolic. 
For a thin orthotropic ply under plane stress relative to the symmetry axes x-y. equation 
(2.27.) assumes the following form: 
(2.29.) 
The stress terms which are linear represenc various tensile and compressive strengths and 
the terms which are quadratic represent an ellipsoid in stress space. The strength parameters 
can be determined from the material strength and are given by: 
Fxx = l/XX', Fyy = l/YY', Fss = l/S2 
(2.30.) 
Fx = l/X- l/X'. Fy = l/Y - l/Y'. 
The term that involves f11.y represents an interaction between normal stresses in a fashion 
which is different from the ordinary shear stress. Fxy is a constant, similar to K2 in the modified 
Marin equation (Eq. 2.26) whose magnitude is determined from complex stress data, that 
attempts to provide better correlation between experimental and theoretical results. Only one 
Fxy value is necessary to define the failure surface. but since its magnitude determines the 
inclination and semi-axis of the ellipse. then care is required in its decermination. 
The magnitude of Fxy can be determined from any test that produces a complex stress 
state in the principal material directions such as off-axis uniaxial stress tests and biaxial stress 
tests. Since the influence of Fxy on the failure envelope is large, then the most accurate method 
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of evaluating Fxy must be selected. Fxy should be unique for a particular material, but due to 
material property scatter and testing methods, and since the theories are phenomenological, 
then, in practice, this is not necessarily true. Numerous Fxy values can be obtained for the same 
material from different tests and hence. a technique is required to discriminate between 
determination methods. 
Wu [54] concluded that uniaxial off-axis tests yield poor Fxy sensitivity. He attempted to 
optimize Fxy by accounting for experimental scatter and concluded that it is best detennined 
from biaxial stress tests. 
It has generally been found that the value of Fxy is very sensitive and dependent on the 
nature of the type of test employed. Sorne authors [44) have suggested it be set equal to zero 
which is physically unjustified. Wu and Stachurski [55) proposed yet another way of defining 
Fxy which is the following : 
-1 (2.31.) 
F°i1 +F21 
The absolute interaction tenn. or its norrnalized term F"xy. can be determined only by 
biaxial test 
• 112 Fxy = F xy [Fxx Fyy] (2.32.) 
The numerical value of the normalized term can be -112 for the generalized Von-Mises 
criterion, and zero for approximately the Hill/Hoffman criterion. ln this project, F• xy = -112 had 
been used. 
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Since each combination of stress components in equation (2.27 .) reaches its maximum 
when the left-hand side reaches unity. We can write equation (2.27.) under following form: 
i.j = 1.2.3.4.5.6 (2.33.) 
The value of the stress components in equation (2.33.) are that of the applied stress. We 
can substitute equation (2.33.) in to (2.27.) and achieve: 
(2.34.) 
We only need to solve the quadratic equation in the stress/strength ratio R. The correct 
answer is the positive square root in the quadratic formula: 
R = -(B/2A) + [(B/2A)2 + l/A] 112 (2.35.) 
When the applied stress is unity, the resulting strength ratio R is the strength. 
2.1.6. Criteria considering different modes of failure 
Puck and Schneider [42) put forward a failure criterion for a unidirectional fiber 
reinforced laminate which also compares three possible modes of failure : fiber fracture, matrix 
failure and failure of the fiber/matrix interface. A micro-scale analysis of the stresses acting on 
fiber, matrix and intertace is propounded with the following bases and failure criterion: 
( i ) Fiber failure - maximum longitudinal stress : 
(2.36.) 
where Xe is ultimate strength of fiber. 
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( ii) Matrix failure - distortion energy : 
(;~ J (2.37.) 
where Xm, Y m and Sm are ultimate strengths of rnatrix. 
( iii ) Fiber/matrix interface failure - assumed cornbination of maximum transverse 






where subscript i refers to interface failure. The strengths of fiber and matrix have used in this 
criterion. Hütter bas proved that this criterion will be not efficient when using the laminated 
composites [38). 
It is considered unidirectional composite isotropie in (y.z) plane. Hashin and Rotem 
[16) have stipulated that criterion of failure has to be a invariant function of stresses in this 
plane. They have distinguished four possible modes of failure. such as fiber fracture in tension 
or compression as well as matrix fracture in tension or compression. Their criterion is a 






( "; J +( ";' J = 1 
( ~~ J +[(:~ J-1]:'. +( ~' J =I 
Founh sub-criterion is rarely implicated since matrix attains rarely fai!ure in 
compression. ln the case of loading in (x. y) plane. Hashin-Rotem's criterion is equivalent to 
maximum stress criterion with identical transverse strength in tension and compression. 
2.1.7. Conclusion 
Sorne of the best known failure theories for anisotropie materials were reviewed in this 
chapter. Failure criteria are empirical and phenomenological. They can not be readily related to 
failure modes. The physical phenomena of the failure of composites are much too complicated 
to be described by any of the simple criteria mentioned in this chapter. Attention was focused 
on the fact that the quadratic formulations of the tensor polynomial criteria are very sensitive to 
the value of the interaction term Fxy· Figure 2.3 shows the effect of Fxy on the Tsai-Wu failure 
envelopes for a6 = 0 and X = Y = X' = Y'. This criterion was used the most because of its easy 
application, continuous extension to a last ply failure prediction [47), mathematical simplicity, 
invariance and internai consistency. 
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Figure 2.3: Effect of the interacrion parameter F .. y on the Tsai-Wu failure envelope 
for X = Y = x· =y· and crs = o (reprodm:ed from Ref. 11 l IJ 
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2.2. FABRIC STRUCTURE AND MODELS 
2.2.1. Introduction 
The various types of fabric structures can be identified by the pattern of their repeating 
regions. They are characterized by a geometrical parameter. n11 • that denotes that a warp thread 
is interlaced with every n1-th fill thread. Figure l. l has presented an example of various types 
of woven fabric. 
Recently, there are normally five different models which are then employed to 
approximate the elastic and strength behavior of composites: one model for laminated 
composite and four models for woven fabric composites. 
In the case of laminated composites, the model is called laminated mechanical model is 
applied and mechanical behavior of laminated composites is based on the mechanical 
properties of each constituent unidirectional ply. 
In the first model for woven fabrics, known as the mosaic model, a fabric composite is 
idealized as an assemblage of asymmetrical cross-ply laminates [19. 21]. Based upon the 
assomptions of the iso-stress and iso-strain, bounds of elastic moduli are derived and they 
provide an approximate method for predicting the elastic moduli. 
In the second model for woven fabrics. the mosaic model is modified to take into 
consideration the effect of fiber ondulation and continuity on composite stiffness. A one-
dimensional strip of the fabric composite forms the basis of the analysis and the classical 
laminated plate theory is applied to each infinitesimal piece of the composite plate. This model 
has been extended to investigate the bi-linear or knee behavior of the stress-strain relations of 
plain weave composites. 
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The concept of the third model for woven fabrics is developed based on the findings of 
load transfer in satin weave composites [22). The region with straight threads surrounding an 
undulated interlaced region has higher local in-plane stiffness than the latter and acts as a load-
transferring bridge. This model has also been extended to the analysis of the knee behavior in 
satin weave composites where the same assumptions about internai failure are employed. This 
model bas been also modified for treating hybrid woven composites and is called the "modified 
bridging model". The basic idea of the bridging action of the third model is preserved, 
although the geometry of this fourth model is much involved due to the complexity in the 
hybrid fabric structure. This model provides a significant improvement of the predictions of the 
simple bound results [21]. 
And last model for woven fabrics is called the sub-plies model which has been 
proposed for the characterization of the thermo-elastic propenies for any deformed woven 
fabric composite [28-29, 50-52]. This work aims at applying the sub-plies model in the 
prediction of tensile and compressive strengths of orthogonal and non-orthogonal (deformed) 
woven fabric laminates. The effect of fiber undulation and yarns' interlacing en failure 
behavior are analyzed. 
2.2.2. Laminated mechanical model 
In the case of laminated composites, stiffness components are calculated by laminated 
mechanical model. 
The generalized Hooke' s law relating stresses to strains can be written in contracted 
notation as : 
26 
(2.40.) 
where O'ï are the stress components, Cij is the stiffness matrix and Ej are the strain components. 
The stiffness matrix Cij has 36 constants, however due to symmetry (Cij = Cjï). only 21 of the 
constants are independent. 
A lamina is under a plane stress state when 0'3 = 0'4 =ers= 0, and therefore only cr1• cr2 
and cr6 are presented, on axis stress-strain relation can be expressed by following [46]: 
(2.41.) 
The principal directions of orthotropy in an orthotropic material do not always coïncide 
with the directions of the applied load. In fact. this would be the exception rather than the rule 
and quite often we need to use some transformation relations in order to express the stresses in 




(J . , (J a,. = sm · 
(j r -sin (J cos(J 
sin 2 (J 
cos 2 8 
sin8 cos8 
2sin (J cos8 ] {a,} 
- 2,sin 8 ~o~8 · a 2 
cos- 8 - sm - 8 a 6 
(2.42.) 
where 8 is the angle between the fibers and the loading direction. An example of lamina 
orientation is given in Figure 2.1 or we can write off-axis stress-strain relation for 




Applying the classical lamination theory, coefficients Aïj· Bii· Dij can be determined 
from the coefficients Qii [46] : 
(2.44.) 
where: 
N: total numbers of ply (or layer) 
k : the k-th layer. 
z : position of ply in z-direction. 
The Aii are called extensional stiffness, the Bii are called coupling stiffness and the Dii 
are the bending stiffness. If the coupling stiffness are non-zero, then we should expect an in-
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plane loading to produce a coupled effect of bending as well as extension. This coupled effect 
can be prevented by constructing laminates which are symmetrical with respect to the middle 
surface (plane). in which case Bij reach zero values. 
And the equation (2.43.) can also be written by the following: 
[e~] =[a;i b;iIN; J+â{a::] k. b. d .. M b-1 •J •J r 1 (2.45.) 
Classical laminate theory is based on the assumption that inter-laminar stresses are 
negligible and, therefore. lamina stresses do not change if the stacking sequence is changed as 
long as the entire laminate remains symmetricaL However. it was observed experimentally that 
different stacking sequences produce different lamina stresses in symmetrical laminates which 
may indicate that interlaminar stresses have a rather measurable effect on the behavior of 
laminates. 
2.2.3. Mosaic model 
This model bas been proposed by Chou (19]. It can only use in the case of woven 
fabrics consisting of two sets of yarns interlaced at a 90° angle : orthogonal woven fabrics (or 
non-deformed woven fabrics). Woven fabric is simplified as the Figure 2.4 by repetitive order 
of cross-ply laminates[0/90] and [90/0]. According to each pattern of cross-ply laminate that is 
defined by geometrical parameter n8• Otherwise. the effect of fiber undulation and continuity 




Figure 2.4 : Idealization for the mosaic model. 
Furthermore, the state of strain Ej0 et kj are considered uniform on ail points of woven 
fabric structure. Average stresses N ; and moments M; are defined by : 
(N;,M;)= nia[r(N;,M;)ir+ ['a(N;.M;Xix] 
g 
(2.46.) 
where nga is a unit of length and h is a thickness of fabric. 
Substituting N; and M;. into equation (2.43.), it is obtained the rigid coefficients 
A ;; , B ii and D;; that can be expressed by : 
A ii = A ii 
B ii = (1 -~)Bï Il 1 • 
D ii = D ii 
(2.47.) 
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We can see that A ii , B ii and D;i can be calculated from the Aij· Bij and Dij of 
laminates (Eq. 2.44). 
B;; represent the coupling stiffness between bending and extension, when n8 = 2 B;i is 
equal to zero. Chou (7) has shown that with the mosaic model, the results were only correct for 
fig >4. 
2.2.4. Fiber undulation model 
Because the mosaic model can oniy apply for woven fabrics with n8 > 4, in order ta use 
in the case of plain weave fabrics n8 = 2, Chou (22) has proposed a second model which is 
called the fiber undulation modeL In this model, the effect of fiber undulation and continuity 
on composite stiffness have been considered. 
This model based on the micro-mechanical behavior of woven fabrics, permits to 
integrate undulation form of structure. This undulation form is defined by three geometrical 
parameters h1 (x), h2(x) and au as shown in Figure 2.5. 
r Y· 
Figure 2.5 : Fiber undulation model (reproduced from Ref. [22)) 
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where h1(x) and h2(x) vary between -hJ2 and hJ2. and in the undulation region (a2 ~ x ~ ao). 
they vary according to sinusoïdal equation. 
The fundamental assumption is chat the classical laminate theory is applicable to each 
infinitesimal piece of the strip along the undulation direction. The aver.ige coefficients of 
compliance are calculated by: 
- ( 2 } 2 °
2 
b .. = 1-- .. +-fb .. (x)dx 
'
1 na '1 na '' /1 Il oO 
(2.48.) 
_ ( 2a } 2 °
2 
d;; = 1- n ~ ii + n a f d;; (x)dx 
g Il oO 
where aij(x). bij(x) and dij(x) are calculated from the aij, bij and dij of laminates which is 
modified the position x and volume ratio between the fibers and the resin. 
This model can use for woven fabrics with n8 < 4 and gave the good results [22]. 
Obviously. using this model is more difficulty chan using the mosaic model, but it is efficient 
specially for plain weave and it is also only used for orthogonal woven fabric composites. 
2.2.5. Bridging model 
This model [22] is desirable in view of the fact chat the interlaced regions in a satin are 




Figure 2.6 : Bridging model (a) shape of a repeating unit of 8-harness satin; 
(b) modified square shape and (c) basic idealization (reproduced from Ref. [22]) 
where the shapes of the repeating regions are modified. This model is valid for only satin 
weave where ng > 4. The four regions labeled by A, 8, D, E consist of straight fill thread, and 
hence, can be regarded as pieces of cross-ply laminates of thickness h. Region C has an 
undulated ftll and the continuity and undulation in the warp are ignored. The latter effect is 
expected to be small because an applied load is in the fill direction. The in-plane stiffness in 
region C where ng = 2 is found to be much lower than that of a cross-pl y laminate where ng ~ 
oo. Therefore. regions B and D carry higher loads than region C, if we assume that those three 
regions have the same averaged strain and curvature. 
The reason why the fiber undulation mode) is effective for plain weave composites 
whereas the bridging model is valid for satin weave composites can be explained as following : 
there are no straight thread regions surrounding an interlaced region and the one-dimensional 
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distribution of in-plane stiffness is identical in each thread in a plain weave composite. lt can 
be expected. therefore. that no bridging eftèct occurs in the plain weave composite and that 
each thread carries the same in-plane force. Hence. the one-dimensional and bridging 
approaches are suitable for the plain and satin weave composites, respectively. 
2.2.6. The sub-plies model 
Figure 2. 7 shows the sub-plies model. ln this model the fabric, consisting of a warp and 
a weft, is replaced by four fictional unidirectional laminae with orthotropic properties [28-29, 
50-52) that are laid up in an antisymmetric configuration [01i11901d01d901iif. By choosing 
adequate thickness for the sub-plies, the stiffness coefficients, A;/, B;,/ and D;/ , of the 
fabric composite can be obtained. Since the configuration of the sub-plies model is anti-
symmetric, the thickness of the plies can be defined by a fictive thickness, e, which is a 
function of the fabric thickness t and the geometrical parameter ng of the fabric [28-29, 50-52). 
(2.49.) 
The stiffness coefficients of the sub-plies laminate, A;/, B;/ and D;/, can then be 
obtained from the classical laminated plates theory. 
To predict the failure envelope of the composites made, the strength coefficients of the 
constituent ply such as: longitudinal tensile and compressive strengths ( X. X' ). transverse 
tensile and compressive strengths ( Y, Y' ) and shear strength ( S ) are needed. ln previous 
works [28-29, 50-521. a special procedure has been proposed to determine the thermo-elastic 
coefficients of the fictional constituent plies. ln thio; work, the same approach was used to 
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determine the strength coefficients and the results are compared with that measured from 
unidirectional composites and on cross-ply [0190/s laminates. 
l 










There are two types of woven fabric that were used in this study. plain weave and 8-
harness satin fabrics. The samples were made with a glass-fiber woven fabric (WR180Z) and 
an unsaturated polyester resin (AK2100) supplied by Armkem Canada. Ail the specimens 
were fabricated by using fiber and resin via the wet lay-up process with a fiber volume content 
of about 48-52 %. The fiber volume fraction of the molded samples was always verified after 
molding by burning off the resin and measuring its percentage in the specimen. 
Three types of plaque with the same thickness of 2 mm were prepared: a) 
unidirectional plaques; b) cross-ply [(0190)nls plaques; c) plain weave fabric composite and the 
other type of plaque was fabricated by 8 hamess satin with the thickness l .2mm was also used. 
In this work. unidirectional plies were made by the same E-glass fiber with the same 
properties. such as the thickness and width of bundle, tow size. density ... etc. In order to 
verify the predicted results. deformed samples were also fabricated with various angles such as 
0 = 28°, 31°, 36°. 45°. 51° and 57°. These non-orthogonal woven laminates were made by 
deforming the orthogonal interlaced yarns of the fabric by in-plane shearing to different angles 




Figure 3.1: Deforming the orthogonal interlaced yarns of the fabric by in plane 
shearing to different angles. 
3.2. SAMPLE PREPARATION AND TESTING 
Tensile tests were carried out according to the ASTM D-3039 standard [l, 23]. The 
specimen dimensions were 203mm (8.0 in.) by 25.4mm (1.0 in.) with a test section length of 
127mm (5.0 in.). End tabs were bonded to the specimen as recommended in [l, 23] (Figure 
3.2). 
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Figure 3.2: Tensile specimen 
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The specimen edges were carefully polished to eliminate any possible damage and to 
insure the required dimensions of the samples. The tensile tests were performed using wedge-
section grips. The specimens were loaded monotonically to failure at a recommended rate of 
1.27mm/min (0.05 inches per minute). Strain gages (one in the longitudinal and one in the 
transverse direction) were bonded to the specimen at the center of the test section and 
monitored during the test. The elastic properties were determined by at least 25 data, measured 
in the linear response region as recommended in [30]. 
The compressive tests were catTied out according to the ASTM D-3410-87 standard 
(Celanese compression test fixture) [l]. The Celanese test fixture employs truncated conical 
friction grips contained in matching cylindrical end fittings. Colinearity of the cylindrical end 
fittings was insured by a hollow cylinder, which contains the fittings. The gripping devices of 
the Celanese allow the ratio of the normal and the shear loading to remain approximately the 
same for the entire loading process. 
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Figure 3. 3: Compressive specimen 
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The specimens were eut from the molded plaques to the dimensions of 14lmm (5.5 in.) 
by 6.4mm (0.25 in.) with a test section length of 12.7mm (0.5 in.). End tabs were also used in 
these specimens (Figure 3.3). The specimens were loaded at a cross-head speed of 0.5 
mm/min (0.02 inches per minute). 
We know that the lamina properties in the plane of lamination ( l-2) are known as the 
in-plane shear properties, while the properties in the (l-3) and (2-3) planes are known as 
interlaminar shear properties. Shear tests for the laminate composite have generally been 
restricted to the evaluation of properties in the plane of the laminate. There are four generally 
accepted test methods for the evaluation of lamina in-plane shear properties. They are the 
[(451-45)/s coupon test. the off axis coupon, the rail shear test method and the torsion test [23]. 
The IO-degree angle was chosen to minimize the effects of longitudinal and transverse tension 
components on the shear response. In the case of graphite-epoxy composite the l 0-degree off-
axis test yields a higher initial modulus, while the [(451-45)/s laminate yields a higher strength. 
The {(451-45)/s laminate test yields considerably more of the shear stress-strain curve than the 
10-degree off-axis test [23). The most simple tests to perform are the tensile test using the off-
axis and the [(451-45)/s coupons. Although Chamis and Sinclaire have recommended the lO-
degree off-axis test for determining lamina shear properties [6] but the results for the 15-
degree off-axis test indicated that the ultimate shear strength determined by the 15-degree test 
and the {(451-45)/.r tensile test compare quite favorably [41). The {(451-45)/s tensile test was 
also used popularly to determine the shear strength (9. 27] because it is simple and easy to use. 
Specially, when the difference of the shear strength between using [(451-45)/r tensile test and 
{(451-45)1.r compressive test i-; not important. the shear strength that is determined from the 
{(451-45)]s tensile test is acceptable. The {(451-45)/.r laminate tensile test has been suggested 
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to be a promising test method for the complete shear characterization of woven fabric 
composite [ 14). The shear strength in this study is therefore detennined from the ((451-45)/s 
tensile test as proposing in [9. 27] and [ 14]. 
Ali the tests were carried out on lnstron 4206 and lnstron TTD-3025 machines. Ali the 
results were obtained from the avernge measurements of 5-8 samples. The scatters of 
specimens have been presented in the next chapter. 
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Chapter4 
DETERMINATION OF STRENGTH COEFFICIENTS 
4.1. MODELING OF DEGRADED PLIES 
In a laminated composite subjected to loading, the ply with the lowest strength will fail 
first. This initial failure defines the inner failure envelope of the composite. Once the applied 
stress exceeds the initial failure, a laminate may or may not be able to sustain additional load. 
V arious approaches to rationalize the lower limit and the ultimate strengths for laminated 
composites have long been published. In these approaches, matrix degradation models have 
been proposed to distinguish the plies with cracks due to initial failure from the intact ones 
[39, 40, 47]. A ply or ply group with cracks will change the internai stress distribution of the 
laminate. A ply with transverse cracks will sustain lesser load. The effective stiffness of the 
laminate will therefore be reduced. but not as much as if the whole ply is removed from the 
laminate. 
Because conventional stress analysis like laminated plate theory is limited to a 
continuum or plies without cracks. it has been proposed [47] to replace the cracked plies with 
a continuum of lower stiffness coefficients so that the conventional stress analysis can be 
applied. In fact, the observed stiffness of the laminate having partially and totally degraded 
plies is used to estimate the degree of the ply stiffness reduction. The replacement of cracked 
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plies by quasi-homogeneous plies has been done semi-empirically. A degradation factor (DF) 
has been proposed co apply directly to the stiffness and strength coefficients of the 
unidirectional plies [ 47]. Tsai has shown that this matrix degradation factor only effects on last 
ply failure in the principal strain plane (see page 12-7 in [47)). When the degradation factor 
(DF) is unity, there is no degradation and the first ply failure envelope is recovered. ln the 
other case when the degradation factor (DF) approaches zeros, a maximum strain envelope is 
recovered. ln order to avoid singularity, it bas also been shown chat the (DF) should be greater 
than 0.01. ln this approach, the reduction of the matrix modulus is considered to affect the 
transverse modulus, Ey. the shear moduius, E:r, and the Poisson's ratio, V.ry. 
Ey = (DF)Er0 
E:r = (DF)Es0 
V.ry = (DF)Vxy 0 
X' = (DFJ°·2x·0 
Fx; = (DF) Fxy• 0 
(4.1) 
where the superscript zero denotes the property of the intact plies, and F XY • is the coupling 
term in the quadratic criterion. 
For glass/epoxy laminated composite the value of (DF) bas been experimentally 
determined to be between 0.07 to 0.08. As a first approximation we selected a value of (DF) = 
0.1 for this polyester/glass composite. ln order to verify the effect of (DF) on the values of 
ultimate screngths of the composite a value of (DF) = 0.2 was also used and this effecc will be 
discussed lacer. 
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ln order to use this approach. the elastic and strength properties of the constituent 
fictional ply in Figure 2.7 must be known. Furthermore. it has been shown that in a laminated 
composite. the presence of adjacent plies alters the in-situ strength of the lamina (53). 
Consequently. it is necessary to verify the stiffness and strength coefficients that should be 
used for the equivalent constituent plies in the sub-plies model. Measurements for such 
verification were thus carried out on unidirectional samples. cross-ply laminates samples. as 
well as samples made of the woven fabric composite (plain weave and 8-hamess fabric 
composites). 
4.2. MEASUREMENTS USING PLAIN WEA VE FABRIC COMPOSITE 
lt has been shown (28, 51-52) that. by measuring the properties of samples eut out in 0° 
and 45° directions, from the molded plaques of the plain weave fabric composite. the 
thermoelastic properties of the fictional constituent plies in Figure 2.7 can be determined .. 
Considering that the [(0!90)mfs or [(45/-45)mls samples are replaced by the sub-plies model. 
[(Oh1/90Jd01d901i1)mfs or [(45h11-451d451d-451i1),,.fs. the laminate longitudinal Young's modulus. 
Et<WOJ. and the Poisson's ratio, Vf<WO/. can be calculated by using the classical laminate theory. The 
final equations are expressed as : 
(4.2.) 
V (0190/ = 
2 Q .ry{eq/ 




4 Q_ufeqf ( QJCX/t!q/ + Qyyft!q/ + 2 Qxyf~f) 
(4.4.) = 
Qx.tf"'ll+Qyyf~/+2Qxyf~/+4Qssf"'ll 
VJ+-151--15/ = Qxx/eq/ + Q,,,,f,q/ + 2 Q.,,f~/ -4 Qu/eqf (4.5.) 
QXXf"'l/+Q)')'(~j+2Q"C)'("'lf+4Qs.f/eq/ 
ln the above equations, Q.afeqf. Qyyfo?qf. Ql)'feqf and Qssfeq/ are the equivalent on-axis stiffness 
coefficients of the constituent tictional plies shown in Figure 2.7. ln fact. only three out of the 
above four equations are independent of each other because of the relation: 
E 101901 E 1+-151-45/ 
J - V [0190/ J - V /+451.1s J 
(4.6.) 
From the sub-plies model shown in Figure 2.7. [0190/ and [451-45} in the above 
equations correspond to the warp and weft directions of the fabric. Where El01901 and V[o1901 are 
the Young ' s modulus and the Poisson ' s ratio that were determined from the tensile test on 
[(0190)}s specimen; El4St-4SI and V14s1...is1 : the Young 's modulus and the Poisson' s ratio were 
determined from the tensile test on {(451-45)/r specimen. 
Therefore. another equation must be found to solve four unknown stiffness coefficients. 
flxxfeq/, Qyyfeqf. Qxyfeq/ and <2.ssfeq/· lt is thus assumed that the effect of fibre undulation on the 
transverse Young's modulus of the constituent plies in the sub-plies model is negligible. This 
assumption leads to: 
Q 
Q~yfl!qf 




The results of these measurements, determined by the least squares fit of the initial 
slopes of the stress-strain data, are given in Table 4.1. 
Table 4.1 : Elastic properties of laminated and woven fabric composites 
Spedmem PWrahlic •te s.usrabric •te Larnnated •te 
E(GPa) V E(GPa) V E(GPa) V 
[(CV90)Js 22.251 0.128 23.166 0.13 23.058 0.083 
[{4S'-45).Js 14.937 0.463 15.858 0.437 14.083 0.489 
With the assumption of Ey(eql = Ey(unidirl (Eq. 4.7.) the equivalent unidirectional 
properties of plain weave fabric composite derived from the measured data (Table 4. l) are 
presented in Table 4.2. 
Table 4.2: Orthotropic mechanical properties of constituent ply in various structures. 
Type of composite Ex(MPa) Ey(MPa) Es (MPa) V 
Plain weave fabric composite 36.70 7.20 5.11 0.39 
8-harness satin fabric composite 38.43 7.20 5.52 0.41 
U nidirectional composite 39.06 7.20 4.73 0.25 
Cross-ply laminates 38.64 7.20 4.73 0.26 
To measure the strength coefficients of the constituent plies using these samples. it has 
been shown theoretically and experimentally [27, 39) that the stress-strain diagram of a cross-
ply composite under tension is represented by a bilinear fine. The intersection of the two 
straight segments was called the knee-point that indicates the failure of the 90° plies [39). ln 
the case of plain weave fabric composite. the tensile stress-strain curve for the sample in 0° 
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Figure 4.1 : Stress-strain curve of undeformed plain weave sample (orthogonal structure) 
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The result reveals that a bilinear behaviour is also observed. as in the case of cross-ply 
laminated. The intersection point of the two linear lines occurs at about 22-23% of the ultimate 
load. This value was used to detennine the transverse strength coefficient (Y) of the fictional 
90° ply in the sub-plies model. The ultimate load and deformation were used to calculate the 
longitudinal strength coefficient (X) of the 0° fictional ply, using a value of (DF) of 0.1. 
In the compression tests the bilinear behaviour is not observed. The transverse 
compression strength coefficient of the fictional constituent ply cannot be directly determined 
from these samples. Thus, in order to predict envelopes of plain weave fabric composite the 
transverse compressive strength coefficient of the unidirectional ply was suggested using. The 
maximum load in the compression test was used to detennine the longitudinal compression 
strength coefficient, by considering that the 90° plies had failed. Finally, the shear strength 
coefficient (S) was detennined from the coupons eut out from the molded plaque at 45° as 
proposed in (14]. The strength coefficients of the constituent fictional ply in the sub-plies 
model. using these measured plain weave fabric composite results. are shown in Table 4.3. 
Table 4.3: On-axis strength coefficients determined from measurements 
on laminated and woven fabric composites 
Type of compœite X(MPa) X'(MPa) Y(MPa) Y' (MPa) S(MPa) 
Plain weave fabric comoosite 548.70 306.44 23.74 115.35 40.49 
8-hamess satin fabiic composite 669.26 380.02 24.74 115.35 38.35 
Unidirectional composite 733.09 368.78 24.74 115.35 36.15 
Cross-ply Iaminates 693.68 363.90 31.72 115.35 36.15 
47 
4.3. MEASUREMENTS USING 8-HARNESS SATIN FABRIC COMPOSITE 
As in the case of plain weave fabric composite, measuring the properties of samples eut 
out in 0° and 45° directions from the molded plaques of the 8 hamess satin fabric composite is 
necessary to determine the thermo-elastic properties of the fictional constituent plies in Figure 
2. 7. The results of these measurements, also determined by the least squares fit of the initial 
slopes of the stress-strain data, are also given in Table 4.1. 
In the case of 8-harness satin fabric composite the tensile stress-strain curve for the 












Figure 4.2: Stress-strain curve of undeformed 8-harness satin sample (orthogonal structure) 
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The result reveals that a bilinear behaviour is not observed as in the case of cross-ply 
laminates and plain weave fabric composite. The difference of behaviours between these 
composites will be discussed later. Thus, the transverse tensile strength coefficient (Y) of 
unidirectional composite was used to calculate the envelopes of 8-harness satin composite. 
The ultimate load and deformation were used to calculate the longitudinal strength coefficient 
(X) of the 0° fictional ply, using a value of (DF) of 0.1 as in the case of plain weave fabric 
composite. 
ln the compression tests the bilinear behaviour is not aJso observed. As the case of plain 
weave fabric composite, the transverse compressive strength coefficient (Y') of unidirectional 
composite was also used to predict the envelopes of 8-harness satin fabric composite. The 
maximum load in the compression test was used to determine the longitudinal compression 
strength coefficient (X') and the shear strength coefficient (S) was also determined from the 
45° coupons as plain weave fabric composite. The strength coefficients of the constituent 
fictional ply in the sub-plies model, using these measured 8-harness satin fabric composite 
results, are shown in Table 4.3. 
4.4. MEASUREMENTS USING UNIDIRECTIONAL SAMPLES 
The unidirectional samples were eut out from the unidirectional plaques, molded from 
the same composite. The elastic properties were also determined by the least squares fit of the 
initial slopes of the stress-strain data and are given in Table 4.2. The tensile, compressive and 
shear strength coefficients X, Y, X', Y', S of the unidirectional ply of the composite were also 
detennined and are shown in Table 4.3. ln this Table, the ultimate shear strength S was 
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obtained from the tensile test on [(-45145)/.r specimens. which are eut out in 45° from the 
[0190/,r plaques. 
The results in Table 4.3 show that the longitudinal tensile strength coefficients X and X' 
of the fictional constituent ply of the plain weave fabric are much lower than that of the 
unidirectional composite. This could be explained by the undulation effect of fiber in the 
fabric system especially for plain weave fabric type. ln the case of longitudinal tensile 
strength, since the degree of undulation of the fibers could not ail be the same. fibers with less 
undulation would attain the ultimate strain first. Consequently, the volume fraction of fibers 
sustaining the load at ultimate fracture strain would be lower than that in a unidirectional 
composite. However. as it could be expected, the non-uniformity in fiber undulation bas a 
lesser effect on the Young's modulus since in the elastic region, ail the fibers contribute to the 
stiffness of the composite. lt is also surprising to note that the transverse strength Y is 
equivalent to that measured by unidirectional samples. This result suggests that. unlike the 
constraint effect observed for the case of laminated laminae with different orientations, the 
presence of the warp fibers does not affect the transverse properties of the weft fibers and vice 
versa. Consequently, the transverse strength coefficient of the unidirectional composite can be 
used in the sub-plies model for woven fabric composites. 
4.5. MEASUREMENTS USING SAMPLES CUT OUT FROM CROSS-PL V LAMINA TES 
Using the same approach proposed in [28, 51-52], as discussed above for the woven 
fabric laminates, the on-axis stiffness coefficients of the lamina can also be experimentally 
determined by measuring respectively the Young's modulus and Poisson's ratio of [(0/90h/.r 
and {(451-45h/s samples (Table 4.1). These samples were eut out in 0° and 45° from the 
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cross-ply plaques. molded from the same unidirectional composite. The stress-strain curve of 
the tensile test in 0° direction on cross-ply samples also showed the knee point due to matrix 
failure in the 90° layers. This point occurs at about 23-25% of the ultimate load. associated 
with fracture of the 0° plies. From these tests, the strength coefficients were determined in the 
same manner as it was done in the case of woven fabric composite. The compression test did 
not show a knee point and only the longitudinal compression strength coefficient (X') could be 
determined. These measured values are reported in Table 4.3. From these results. it can be 
seen, as expected, that the elastic properties of samples eut out from cross-ply laminates 
(Table 4.2) are nearly similar to that measured by the unidirectional samples and by the 
samples eut out from the woven fabric plaques. Comparing the woven laminated shear moduli 
with those of unidirectional composite, it is seen that woven laminate shear modulus values 
are appreciably higher. This could be because of the interlacing of strands in woven fabric 
composites as discussion in (35]. It is also observed that woven Jaminate Poisson' s ratio 
values are higher than those of the unidirectional composites. This is because of the undulation 
present in the case of woven fabric Jaminates. Specially. the transverse strength coefficient Y 
of cross-ply laminate is significantly higher. This result confirms the constraint effect of 
adjacent plies on the in-situ strength of the lamina. On the other band. the values of X and X' 
are higher than that obtained from plain weave fabric samples, confirming the effect of fiber 
undulation on the strength performance of plain weave fabric composite. It is also observed 
that X and X' are slightly lower than that measured from unidirectional samples. This could be 
due to the fact that the fibers in the cross-ply plaques are Jess aligned than that in the 
unidirectional samples. This misalignment could be induced during the lay-up process. 
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Finally. the shear strength coefficient S is slightly lower than that measured on the woven 
fabric samples. This could be due to the interlacing eftect of fibers in the fabric system. 
4.6. CONCLUSION 
From obtained results. the effoct of the fiber undulation on the mechanical properties and 
on-axis strength coefficients can be clearly observed. The fiber waviness tends to reduce the 
longitudinal Young's modulus and the longitudinal tensile strength coefficient (X). and 




PREDICTION OF FRACTURE 
5.1. TENSILE TEST 
S.1.1. Stress-strain curves 
5. l. l. l. Orthogonal woven composite 
Several physical theories have been proposed to explain the non-linear stress-strain 
response of the laminated composites. the most widely accepted of there is the initial failure 
criterion [39, 45). Discontinuous slopes in the stress-strain curve occur when one or more of 
the constituent layers have failed or there is phenomenon of breaking matrix. Tsai and Hain. in 
their works (5. 45]. showed theoretically and experimentally that the stress-strain diagram of a 
cross-pl y composite under tension is represented by a bilinear line. The intersection of the two 
straight segments implies the initial failure, and the intersection was called the knee-point 
[39]. 
In the case of plain weave fabric composite, the tensile stress-strain curve for laminate 
specimen tested at fJ = 0° is slightly non-linear. however, approximate bilinear segments as 
that in Fig.4. l were considered. The point at which the two linear sections intersect is called 
the first knee-point and presents the fracturing of 90° plies. It is understood that the onset of 
the first knee is due to failure in the 90° layers and the ultimate failure of the laminate occurs 
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at the fracture strain of the o0 plies. Based on the experimental results. at the first linear end. 
the strain is about 0.25-0.27%. that is only about 22-23% of the ultimate. ln the case of 8-
harness satin fabric the first knee point is not observed as in the case of plain weave fabric 
composite and the stress-strain curve was shown in Figure 4.2. 
5.1.1.2 Undeformed plain weave composite with 9 = 45° 
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Figure 5.1: Tensile stress-strain curve of undeformed plain weave sample with 9 = 45° 
lt can be seen that this graph has a non-linear behaviour and does not have any knee-
point. ln fact, it is possible that failure of the entire laminated composite occurs immediately 
after the initial failure of either layer and in this case the shear effect is dominant. Microscopie 
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observation at around of 0.5Emax does not also show clear fracture in the warp or the weft 
direction but damage seems to occur in the form of matrix mufti micro cracking. 
Matrix mufti micro cracking may lead to non-linear stress-strain behaviour of the 
faminates under off-axes loading conditions. ln fact. under off-axis loading conditions 
interaction of severaf failure mechanisms results in a loss of stiffness before ultimate failure 
(25]. 
5.1.1.3 Deformed plain weave composites 
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Figure 5.2 : Tensile stress-strain curves of deformed plain weave fabric composite 
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The different types of stress-strain curves obtained from the three typical types of 
deformed plain weave fabric composite are shown in Figure 5.2. We can see that these curves 
all have the same non-linear shape and are classified as brittle nature. However. every curve 
there is two distinct regions divided by a specific value of strength. At that value of strength, 
the curve drops suddenly in the load, and then continues increasing to ultimate strength. This 
may be explained by the fact that there is a unstable propagation of crack follows by an 
address of the crack. This value of strength seems to be a onset of damage. Furthermore. we 
can see in Fig. 5.2 that the strain at onset of damage will decrease when 0 increases. 
The strain at fracture as a function of the angle 0 is shown in Figure 5.3 for tensile test. 
One possible explanation to this unusual behaviour is that [ l l] the configuration with fJ = 45° 
is the only one that has the nonnal stress in the fiber direction equal to the normal stress 
transverse to the fibers as well as having both the in-plane and interlaminar shear stress at a 
fairly high finite value. Such a combination could lead to gross transverse cracking and ply 
delamination resulting in a scissoring effect or rotation of the fibers about the longitudinal axis 
as the laminate continues to support a load [ l l ]. 
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Figure 5.3 : Strain at fracture as a function of the in-plane shearing deformation angle 0 
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5.1.2. Failure mechanism 
Figure 5.4 illustrates three basic failure modes of woven fabric composites under quasi-
static loading : fiber breakage. delamination and fiber shear fracture in a kink. 
a) b) c) 
Figure 5.4 : Basic failure modes of woven fabric composite under static loading 
(a) fiber breakage: (b) delamination: (c) fiber shear fracture in a kink 
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a) Orthogonal woven composite: 
Under tensile loading, before the onset of first macroscopic failure, polyester composites 
exhibit debonding at the matrix interface of transverse fibers (Fig.5.5). These cracks continue 
propagating in the direction perpendicular to the applied stress and gradually extend the full 
width of the specimen. In the formation of transverse cracks, debonding (similar to 
delamination) between transverse and longitudinal yarns is also observed (Fig.5.6). Ultimate 
failure occurs when the longitudinal yarns are fractured perpendicularly to the loading 
direction and then pulled out from the matrix (Fig.5.7a). At this stage, the rupture take place 
suddenly and completely. Furthermore, the fracture surface also shows loose transverse yarns 
which carry an insignificant amount ofload compared to the longitudinal yarns (Fig.5.7a). 
Figure 5.5 : Debonding at the interface of transverse fibers of orthogonal plain weave sample 
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Figure 5.6: Debonding between weft and warp yarns 
of orthogonal plain weave sample. 
b) Undeformed plain weave composite with (} = 45° 
Figure 5.7e and 5.8e show the photographs of tensile failure mode in specimens made of 
plain weave fabric and 8-harness satin composites respectively. A single fracture parallel to 
the fiber direction has been observed for all specimens. Specimens with (} = 45° under tension 
reveal two distinct failure surfaces : one is along the warp direction and the other is along the 
weft direction as shown in Figure 5.7e. In the case of 8-harness satin fabric composite, it can 

















Figure 5.7 : Photographs of typical tensile failure of the specimens made of 








[±5 l]s (f) 
Figure 5.8 : Photographs of typical tensile failure of the specimens made of 
8-harness satin fabric composite. 
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Tensile failures of the [ 451-45] woven specimens involves damage accumulation in the 
matrix followed by fiber (yarn) failure and yarn debonding. Microscopie observation on 
tensile [ 451-45] specimens indicates a network of matrix micro-cracks running along the fiber 
directions (Fig.5.9). 
Figure 5.9 : The failure surface of [451-45] specimen loaded in tension 
Cracking occurs progressively in various domain, criss-crossing nearly the whole 
specimen. The number of cracks increases with continued elongation of the specimen. 
Debonding of the interlaced yarns sta1ts at the free edge and propagates as a band along the 
fiber directions (Figure 5.10). Propagation of these micro-cracks in the transverse direction 
follows two patterns under tensile loading condition [25]. When the fibers of the facing plies 
run in different directions, the transverse crack propagation stops at the yarns debonding 
interface. When the facing plies have the same fiber direction, micro-cracks transversely 
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propagate through the individual laminates and delaminated interfaces, which indicates that 
delamination occurs during the later stages of failure. As expected the tensile failure 
mechanisms of the [0190] specimens (loaded in 0° direction) are very different from those of 
the [ 451-45] specimens. While damage accumulation in the form of matrix micro-cracking 
and propagation leads to the failure of the [451-45] specimens, failure in the [0190] specimens 
is controlled by the longitudinal yarns. 
Figure 5.10: Longitudinal cross-section at the free edge of [451-45] specimen 
loaded in tension 
c) Deformed woven composites 
As in the case of laminated composites when the stress level increases, the whitening 
region increases. The fracture surface of this [ ±28] specimen mainly shows matrix cleavage 
and laceration caused by a combination of transverse tension and longitudinal shear (Fig.5.7b 
and Fig.5.8b). Similar failure mechanisms are also observed for the [±31] and [±36] 
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specimens. The failure mode of the f ±51 / and f ±57 / specimens is difterent from the f ±28 J 
and [ ±45 / specimens. In the case of the f ±51 / and f ±57 / group. initial failure occurs by a 
major cmck in fiber direction, followed by progressive parallel cracks until the ultimate 
failure of the specimen. This failure mode is only a local nature. the damaged region is limited 
to a small strip consisting of parallel cracks. 
Under tensile loading, the extent of the area of damage zone in the tensile sample at 
fracture varies as a function of the in-plane shearing deformation angle 8 and is shown in 
Figure 5.11. ln this figure the ratio of the whitening length to gage length of the tensile 
sample (S%) is plotted as a function of 0. S% first increases with 0, attains a maximum values 
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Figure 5.11 : The area of damage zone at fracture S (%) varies as a function 
of the in-plane shearing deformation angle 0 
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5.2. COMPRESSIVE TEST 
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Figure 5. l 2a : Compressive stress-strain curve of undeformed plain weave sample 
(loaded in 0° direction) 
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Figure 5. l2b : Compressive stress-strain curve of undeformed plain weave sample 
with 9 =45° 
In the compressive tests for undeformed plain weave samples (loaded in o0 and (} = 45° 
directions). the bilinear behaviour is not observed and their stress-strain curves are non-linear 
(Fig. 5. l2a and 5. l2b). Both of them are complex and show peculiar behaviour. First. there is 
a point of inflexion in the non-linear region of these curves. After the inflexion point the 
composite has a hardening tendency. This may be due to the fact that in woven composite, the 
warp and weft yams are woven together and are undulated. No clear fracture is observed as in 
the case of nonwoven composites. In woven fabric composites. it has been shown that [ l O] 
the influence of the resin is most apparent in the regions where the tiber weave creates resin-
rich areas. The intersection of four yarns formed an interstitial region where the resin was 
nearly as thick as the ply itself. The interstitial region of the surface contains a chunk of resin 
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with fiber imprints. implicating that the crack jumped from one ply interface through the resin 
layer between the plies to the neighbouring ply interface. 
The ultimate compressive strength of the [0/90) plain weave specimen is found to be 50 
percent lower than their ultimate tensile strength. This value of ultimate compressive strength 
was used to determine the longitudinal compression strength coefficient (X') as showed in the 
previous chapter. 
The ultimate compressive strength of the [45/-45) plain weave specimen is equivalent to 
their ultimate tensile strength. On the other band, the ultimate compressive strength of the 
[ 45/-45) 8-harness satin specimen is 15 per cent higher than their ultimate tensile strength. 
The results suggest that shear failure is dominant in both tensile and compressive tests. 
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Figure 5.13 : Compressive stress-strain curves of deformed plain weave fabric composite 
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Three typical stress-strain curves of the other deformed plain weave samples under 
compressive loading are shown in Figure 5.13. They also present a non-linear shape as for 
laminated composites and also have peculiar behaviour. The points of inflexion are also found 
on these curves. ln compression the [ ±45 / specimen no longer exhibits the largest strain (at 
maximum load) as in the case of tension. 
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Figure 5.14 : Strain at fracture as a function of the in-plane shearing deformation angle 0 
under compressive loading 
Figure 5.14 shows the strain at fracture (maximum load) versus the angle 8 for 
deformed plain weave fabric composite under compressive loading. lt can be seen that the 
strain at fracture of the specimen with 8 = 45" seems to be minimum. ln 8-harness satin 
fa bric. the same tendency is also observed (as in the case of plain wea ve fa bric. Fig. 5.14 ). 
69 


















' ' ' Î 1 1 i 1 l I • j , ·, , 1 1 1 1 , i 1 l. 1 i , 1 l 1 Î, ' , l . l • 1 1 l 1 1 l 11 l 1 l 1 l 1 1 1 ! 1 I~ 
Figure 5 . 15 : Photographs of the typical compressive failures of the specimens made of 
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Figure 5.16 : Photographs of typical compressive failure of the specimens made of 
8-harness satin fabric composite. 
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Figure 5.15 and 5.16 show failure modes and damage patterns in compressive 
specimens for plain weave and 8-harness satin fabric composites. In those cases, we can see 
that the failure and damage patterns are similar for the two composites (plain weave and 8-
harness satin). In Fig. 5.15b, there is a separation between warp and weft yarns and also 
delamination between the distinct layers. For ail specimens, debonding and delamination 
between the distinct layers will propagate through the thickness and across the width of the 
specimen along the warp or weft fiber direction. 
Under compressive loading condition, the [0190] woven specimens fail due to 
transverse shear. The fracture surface was also observed, it makes an angle about 20-30 
degrees to the loading direction as showing in Figure 5.17a. Compressive failure of the 
longitudinal yarns is due to fibre breakage and kinking of the fibers in the out-of-plane 
direction as 5-harness satin fa bric [25]. 
Figure 5.17 (a) : Failure surface of orthogonal plain weave specimen loaded in compression 
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Figure 5 .17 (b) : Micro graph of longitudinal cross-section of orthogonal plain weave 
specimen loaded in compression 
Failure in the [ 451-45] woven specimen was always centred in the gage length of the 
specimen, whereas fracture of the [ 451-45] specimen made from unidirectional plies was 
generally located nearer the tab . ends [3]. In the case of woven composite, damage 
accumulation in the matrix is followed by buckling of yarns in the transverse direction (Figure 
5.18). Buckling of the yarns is promoted at the interlace regions, which the fibers are inclined 
in the out-of-plane direction. In general, the failed [ 451-45] specimen showed less fibre 
fracture than in [ 0190] specimen. Transverse de bonding is however pronounced in these 
samples (Fig.5.19). 
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Figure 5 .18 : Micro graph of longitudinal cross-section of [ ±45] specimen loaded in 
compression 
Figure 5.19: Cross-section of [±45] specimen loaded in compression 
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Appearance of damage of deformed woven fabric composites under compressive 
loading condition is similar in angle-ply composite made of unidirectional layers. The layer 
showing broken fiber ends is considered to have failed immediately after the other layer. 
Thus, the layer shows the fiber surface is primarily responsible for failure [27). Whole tow 
breaks, laceration and cleavage indicated that all three stress components appear to play a 
significant role in the failure of these specimens (Fig.5.15 and Fig.5.16). 
5.3. DETERMINATION OF THE FAILURE ENVELOPES OF DEFORMED WOVEN 
F ABRIC COMPOSITES 
5.3.1. Tensile test 
5.3././. Onset of damage 
The onset of ply failure and the ultimate strength of the laminates were determined 
using the composite laminate design software Genlam [ 47). ln the calculation, various 
strength coefficients determined from the above tests (Table 4.3) were examined. Both the 
maximum strain and the quadratic criteria were applied. The onset of ply failure of the plain 
weave fabric composite was determined from the points of sudden drop in the load in the 
stress-strain curves (Table 5.1 ). 
Table 5.1 : Onset of damage in tensile tests of deformed plain weave fabric composite 
Types Number or spedmens Standanl deviation Onset or damage (MPa) 
[{-28/+28)Js 6 4.12 156.65 
[{-3 l/+31)0 ) 5 6 3.18 90.69 
[{-36/+36)J5 7 4.16 92.03 
[(-5l/+5l)Js 5 2.60 58.19 
[{-57/+57)J5 5 2.12 47.27 
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5.3./.2. Ultimate tensile strengths 
The ultimate tensile strengths of woven fabric composites are mainly the value of 
obtained maximum stresses in the stress-strain curves are shown in Tables 5.2 and 5.3. 
Table 5.2: Ultimate tensile strength of deformed plain weave fabric composite 
Types Number or specimens Standard deviation Ultimate strength (MPa) 
((0/90)Js 8 5.190 291.40 
[(-28/+28)0 ) 5 6 5.070 235.18 
((-31/+3 l)nJs 6 8.320 214.57 
((-36/+36)0 ) 5 7 3.6l0 192.69 
({-45/+45)0 Js 6 3.100 80.97 
[{-51/+5l)nJs 5 2.520 59.44 
((-57/+57)0 ) 5 5 1.480 48.32 
Table 5.3 : Ultimate tensile strength of deformed 8-harness satin fabric composite 
Types Number or specimens Standard deviation Ultimate strength (MPa) 
[(0/90)J5 5 7.060 352.73 
[(-28/+28)J5 5 3.460 306.16 
[(-31/+3 l)Js 5 4.2l0 207.13 
[(-36/+36)J5 5 3.550 177.79 
[(-45/+45)J5 5 2.500 76.70 
[(-51/+5l)Js 5 2.740 53.60 
[{-57/+57)J5 5 l.040 43.51 
76 
The ultimate predicted strength was determined using the procedure proposed in [47). 
as discussed above, to simulate the graduai degradation of the laminate due to the failure of 
successive plies with increasing loading. ln genernl. the results showed that the quadratic 
criterion provides a better prediction at both the onset of damage and at the ultimate failure of 
the woven fabric composites so that only predictions from the quadratic criterion are 
presented. 
The ultimate tensile strengths versus angle (J for plain weave fabric composite were 
determined with (DF) = 0.1 and 0.2 have been shown in the Table 5.4. The results clearly 
show that using a value of (DF) = 0.1 for polyester/glass composite is reasonable. 
Table 5.4: Ultimate tensile strengths of deformed plain weave fabric composites 
which were determined using (DF) of O. l and 0.2. 
e (degree) 15 25 35 45 55 65 
DF =0.1 566.0 375.0 182.0 87.2 48.0 32.5 
DF =0.2 547.0 348.0 169.0 82.9 46.8 32.3 
5.3./.3. Prediction of the major Poisson' s ratio values 
The major Poisson' s ratio values of the deformed woven fabric composites are shown 
in Figures 5.20 and 5.2 l as a function of the deformation angle. Predictions are based on the 
sub-plies model using the mechanical properties determined experimentally from woven 
fabric and unidirectional samples. These results show a good agreement between 
experimental data and the results predicted by the sub-plies model with properties measured 
on the woven samples. 
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Figure 5.20: Variation of the major Poisson' s r.itio as a function of deformation angle of 
unidirectional and plain weave fabric composites. 
78 
= ·--f 0.6 
-= = Cil 
Cil 
~ 0.4. 








~ ., Loading dirc<tion 
.~ wett '·, 
/ Ply properties from Unidir. 
Ply properties from 
measurements on fabric 




Figure 5.21 : Variation of the major Poisson' s ratio as a function of deformation angle 






(Il = :; 
"8 -= 
(Il 











Ply properties from 
~ measurements on fabric 
• • 
Ply properties from Unidir. 
/·--·········-----... 
30 40 50 
8(degree) 
60 70 
Figure 5.22 : Variation of the Young' s modulus of the deformed composites 
as a function of 8 for the plain weave fabric composite 
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Figure 5.23 : Variation of the Young' s modulus of the deformed composites 
as a fonction of 0 for the 8-hamess satin fabric composite. 
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5.3./.4. Prediction ofrhe Young' smod11l11s 
Figures 5.22 and 5.23 show the variation of the Young' s modulus of the deformed 
composites as a function of 0 for the plain weave and the 8-harness satin fabrics, respectively. 
It can be seen that prediction based on the sub-plies model is in good agreement with 
experimental measurements. The proposed sub-plies model allows relatively accurate 
prediction of the mechanical properties of deformed fabrics with various weave patterns. For 
comparison purpose. predictions based on the properties measured on the unidirectional 
composite are shown. In calculation. we know that the shear modulus affects strongly the 
Young' s modulus of angle laminates especially, when value of angle 0 increases. Because 
the values of shear modulus of woven fabric composites are higher than those of 
unidirectional composite (Table 4.2). the obtained prediction values of the Young' s modulus 
for woven fabric composites are reasonably higher. 
5.3./.5. Failure envelopes of deformed wovenfabric composites 
Figures 5.24, 5.25 and 5.26 present the comparison between the prediction using the 
sub-plies model and experimental measurements of tensile strength of deformed woven fabric 
composites. The onset of damage (first cracking) and ultimate tensile strengths of the woven 
laminates are shown as a function of the deformed angle 8. In ail cases, the results of 
experimental measurements are in relatively good agreement with predictions by the sub-plies 
model. 
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5.3.2. Compressive test 
The comparison of the ultimate compressive strengths of the deformed fabric 
composite. shown in Table 5.5 and 5.6 with theoretical predictions in Figures 5.27 and 5.28 
shows relatively good agreement between prediction and experimental measurement. 
Table 5.5 : Ultimate compressive strength of deformed plain weave fabric composite. 
Types Number of specimem Standard deviation Compremve strength (MPa) 
[(0/90)0 ) 5 8 5.10 144.50 
[(-28/+28)Js 8 4.19 123.09 
((-3l/+3l)J5 7 3.86 111.46 
[(-36/+36)J5 6 2.09 102.44 
( (-45/+45)J5 6 4.13 83.09 
[(-5l/+5l)J5 6 4.87 89.10 
((-57/+57)J5 6 4.44 91.57 
Table 5.6 : Ultimate compressive strength of deformed 8-harness satin fabric composite. 
~ Number of spedmem Standard deviation Compressive strength (MPa) 
[(0/90)J5 5 5.15 181.77 
[(-28/+28)J5 5 6.69 145.30 
[(-3l/+3l)J5 5 4.64 138.05 
[(-36/+36)J5 5 15.27 113.22 
[ (-45/+45)Js 5 2.28 90.20 
[(-5l/+5l)J5 5 4.73 93.72 
[(-57/+57)J5 5 9.15 95.65 
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5.3.3. Discussion 
From these results. it can be seen that when the fiber undulation effect is considered 
(when the strength coefficients determined from the coupons made of the woven composite 
are used) the theoretical prediction is relatively close to that obtained by using the strength 
coefficients measured from unidirectional samples. Only for the case of first cracking (Fig. 
5.24), with the angle 6 below 80°. that the strength coefficients including fiber undulation 
effect provide a better result. This is rather surprising, since fiber undulation in the woven 
composite results significantly lower values of X. This might be explained by the fact that in 
these uniaxial tensile and compressive tests, X does not play a predominant rote in the 
strength of the composite in these test directions. The effects of fiber undulation on the 
strength of deformed woven fabric composites can be seen from the failure envelops shown in 
Figures 5.29 to 5.34. The failure envelops of the woven composites were computed for the 
angles between the warp and the weft threads of 62°. 114°, and 90°. The results suggest that 
the effect of fiber undulation would be more important in the region of biaxial Ioading and 
specially in the case of plain weave fabric composite this effect is more obvious. In the case 
of tensile and compressive uniaxial strengths. the two envelops (Figures 5.29 and 5.30) which 
are calculated from the strength coefficients measured from plain weave fabric composite and 
unidirectional samples almost coïncide. This result is also seen more clearly for the case of 8-
harness satin fabric (Figures 5.32 and 5.33). This explains the lesser effect of fiber undulation 
shown in Figures 5.24 to 5.28. 
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Figure 5.24 : On.set of damage in tensile plain weave samples as function of angle 9 
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Figure 5.26 : Ultimate tensile strength for 8-hamess satin fabric composite 
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Figure 5.28 : Ultimate compressive strength for 8-hamess satin fabric composite. 
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Figure 5.29 : In-plane ultimate strength envelopes of deformed plain-weave composite 
with e = 31° (0'16 = 0) 
- Quadratic criterion using ply propenies from measurement on fabric composite; 
--- Quadratic criterion using ply propenies from unidirectional composite: 
• Experimental data. 
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Figure 5.30 : ln-plane ultimate strength envelopes of deformed plain-weave composite 
with 8 = 57° (0'16 = 0) 
-Quadratic criterion using ply properties from measurement on fabric composite: 
--- Quadratic criterion using ply properties from unidirectional composite: 
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Figure 5.31 : ln-plane ultimate strength envelopes for 01thogonal plain-weave composite 
(0'16 = 0) 
- Quadratic criterion using ply properties from measurement on fabric composite: 







~)' ',9 ___..._ 
wcft '. 











-600 -400 -200 0 200 400 600 
<r1 (MPa) 
Figure 5.32 : In-plane ultimate strength envelopes of deformed 8-harness satin composite 
with () = 31° (cr16 =0) 
-Quadratic criterion using ply properties from measurement on fabric composite; 
--- Quadratic criterion using ply properties from unidirectional composite; 



















-300 -200 -1 OO 0 1 OO 200 300 
<r1 (MPa) 
Figure 5.33 : In-plane ultimare strength envelopes of deformed 8-harness satin composite 
with 8 = 57° (0'16 = 0) 
- Quadratic criterion using ply propenies from measurement on fabric composite: 
--- Quadratic criterion using ply propenies from unidirectional composite: 
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Figure 5.34 : In-plane ultimate strength envelopes for onhogonal 8-harness satin composite 
(<116 = 0) 
- Quadratic criterion using ply propenies from measurement on fabric composite; 
--- Quadratic criterion using ply propenies from unidirectional composite; 
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Chapter6 
SUMMARY AND CONCLUSIONS 
Strain at fracture varies as a function of the in-plane shearing deformation angle. In 
tensile test, strain at fracture at 0 = 45° reaches a maximum value, in the other hand, in 
compressive test. it is no longer maximum. 
The damage development of woven fabric composite under tensile loading condition 
indicated that the damage was controlled by local state of stress and the region of damage zone 
can be expressed as a function of the in-plane shearing de formation angle. 
We can see that failure modes of woven fabric composite is rather the same as one of 
larninated composites made of unidirectional plies. The sub-plies model again was proved that 
modelling woven fa.bric as a manner of larninated composite is completely reasonable. 
The failure analysis and strength prediction of any deformed woven fabric laminates can 
be predicted by the sub-plies mode!. The results of the prediction are in good agreement with 
the experimental data. The fiber undulation has a strong eftèct on both transverse cracking and 
ultimate failure. The eftèct of fiber undulation can be taken into account by calculating the on-
axis strength coefficients of the fictional constituent sub-plies directly on the samples made of 
woven fabric composites especially in the case of plain weave fabric. 
Chapter7 
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